uptake and release. The effect of sorcin was specific for mitochondria, since similar results were obtained with digitonin-permeabilized cells, where cytosolic Ca 2ϩ flux was disrupted. Furthermore, mitochondria of cardiac myocytes in which sorcin was overexpressed were more Ca 2ϩ -tolerant. Experiments analyzing apoptotic signaling demonstrated that sorcin prevented 2-deoxyglucose-induced cytochrome c release. Furthermore, sorcin prevented hyperglycemia-induced cytochrome c release and caspase activation. In contrast, antisense sorcin induced caspase-3 activation. Thus, sorcin antiapoptotic properties may be due to modulation of mitochondrial Ca 2ϩ handling in cardiac myocytes.
pericam; gene transfer; calcium oscillations; adenovirus; sorcin overexpression; apoptosis SORCIN, a 22-kDa Ca 2ϩ -binding protein member of the penta EF-hand family (19) , was initially identified in multidrugresistant cells (20, 23, 36) . Subsequently, sorcin has been detected in a wide variety of mammalian tissues, including heart and skeletal muscle (22) . Sorcin induces a drug-resistant phenotype and shows antiapoptotic properties in human colorectal cancer cells, although the mechanism is incompletely understood (17, 18) .
Sorcin translocates from the cytosol to membranes upon binding of Ca 2ϩ . Translocation takes place at micromolar Ca 2ϩ concentrations and is reversed when the cation concentration is lowered by addition of EGTA (24, 37) . Translocation from the cytosol to membranes allows sorcin to interact with specific target proteins. Sorcin is primarily localized to endoplasmic reticulum and mitochondria in neuronal cells (29) . In cardiac cells, sorcin localizes to junctions between the transverse tubule system and junctional sarcoplasmic reticulum (SR) and to mitochondria only at points directly in contact with or in close proximity to the SR near transverse tubules (22) . Furthermore, we found that expression of sorcin was increased in the mitochondrial fraction from adult cardiac myocytes overexpressing sorcin (35) . However, the function of sorcin in mitochondria is unknown. Recently, evidence that sorcin has an important role in modulating cardiac contractility through its effects on ryanodine receptor (RyR 2 ), L-type Ca 2ϩ channels, or Na ϩ /Ca 2ϩ exchanger (NCX) has accumulated (21, 33, 35) . We demonstrated that cardiac overexpression of sorcin, achieved via adenoviral gene therapy techniques, reverses cardiac dysfunction in diabetic mice by improving cytosolic Ca 2ϩ handling (35) . Taken together, these findings suggest a role for sorcin as a Ca 2ϩ -handling-modulating protein. Although interaction of sorcin with plasma membrane and SR proteins has been studied, the role of sorcin in mitochondria is completely unexplored. Participation of mitochondria in regulation of cytosolic Ca 2ϩ may be minimal. However, cytosolic Ca 2ϩ seems to have a major role in modulating mitochondrial energy production by stimulating dehydrogenases and ATP synthase (12) . Furthermore, excess Ca 2ϩ accumulation in mitochondria is a common event in the process of cell death by necrosis and apoptosis (8, 31 Cardiac myocyte culture and adenoviral infection. Rat neonatal cardiac myocytes were isolated as described previously (13) . Briefly, ventricles from 1-to 2-day-old neonatal rats were minced, digested with collagenase and pancreatin, and subjected to discontinuous Percoll (Pharmacia LKB Biotechnology) gradient centrifugation. The myocyte-enriched fraction was washed twice and resuspended in culture medium. Cells were plated onto gelatin-coated culture dishes or glass chamber slides. Culture medium consisted of 4:1 DMEM-M199, 10% horse serum, 5% fetal bovine serum, and 1% penicillinstreptomycin-amphotericin B (Fungizone). Final glucose concentration was 20 mM. After 24 h of plating, myocytes were infected with a multiplicity of infection of 20 for all viruses. Studies were performed after 48 h of viral infection.
Cardiac myocytes exposed to high glucose. Cells were allowed to adhere to the plates for 24 h before change to basic experimental culture medium (4.5:1 DMEM-M199, 2% fetal bovine serum, and 1% penicillin-streptomycin-amphotericin B, supplemented with glucose) at physiological [normal (5.5 mM)] or elevated [high (25 mM)] glucose concentrations and maintained in these conditions for 72 h. Cells were subjected to viral infection 24 h after high-glucose exposure.
Construction of adenoviral vectors. Generation of sorcin adenovirus (Adv-sorcin) has been described previously (35) . We cloned a mouse gene coding for sorcin (GenBank accession no. BF178692) into a replication-deficient adenoviral vector under control of the promoter-enhancer region of the human cytomegalovirus (Adv-sorcin). An empty adenovirus without transgene (Adv-control) was used in the control group. Antisense sorcin (AS-sorcin) was generated by cloning the sorcin cDNA in reverse orientation relative to the promoter, as described previously (14) .
Mitochondrial pericam has been constructed and described by Nagai et al. (28) . Pericam is a circularly permuted yellow fluorescent family protein that was fused to calmodulin (CaM) and M13, a 26-residue peptide derived from the CaM-binding region of the skeletal muscle myosin. The Ca 2ϩ -bound CaM and M13 peptide form a stable and compact complex. We used the ratiometric pericam, which has a bimodal excitation spectrum peaking at 415 and 494 nm. Pericam was targeted specifically to the mitochondrial matrix (mitochondrial pericam) by fusion to a cytochrome oxidase sequence.
We cloned the gene coding for mitochondrial pericam into a replication-deficient adenoviral vector under control of the promoterenhancer region of the human cytomegalovirus (Adv-CMVmpericam). Cells were infected with Adv-CMVmpericam using 20 plaque-forming units per cell.
Pericam fluorescence. Cells cultured on a chambered cover glass were perfused with HEPES-buffered medium containing 1.8 mM CaCl2 at room temperature. Chambers were mounted in a Nikon Diaphot epifluorescence microscope equipped with a ϫ100 Fluor objective (oil immersion) interfaced to a dual-excitation lamp system (Solamere Technologies, Salt Lake City, UT) set at 410 nm for excitation 1 and 485 nm for excitation 2 via a set of filters. Fluorescence emission was filtered at 510 nm and directed to a photomultiplier tube. Additionally, an aperture mechanism allowed fluorescence to be collected from a selected portion of the field, which was always positioned over the peripheral, nonnuclear regions of individual cells. Data were collected from the emission channel at a rate of 20 Hz, and the ratio of intensity at 410-nm excitation to intensity at 485-nm excitation was calculated providing for relative comparisons of the [Ca 2ϩ ]m between experimental treatments. [Ca 2ϩ ]m was determined as follows: [Ca 2ϩ ]m ϭ Kd (R Ϫ Rmin)/(Rmax Ϫ R), where R represents the fluorescence intensity ratio F1/F2 [1 (ϳ410 nm) and 2 (ϳ485 nm) are the fluorescence detection wavelengths for pericam]. Ratios corresponding to the titration end points are denoted by subscripts indicating the minimum (min) and maximum (max) Ca 2ϩ concentration. Kd is the Ca 2ϩ dissociation constant of ratiometric pericam, which is 1.7 M (28). R max was measured in situ by application of 5 mM Ca 2ϩ in the presence of ionophore (ionomycin). Rmin was obtained by application of EGTA (9) .
Indo 1 fluorescence. The indo 1-facilitated Ca 2ϩ transient after adenoviral infection was measured as described previously (35) .
Preparation of subcellular fractions. Mitochondria and SR microsomes were prepared using differential centrifugation, as described previously (35) . Myocytes were homogenized with a Polytron in a buffer containing 30 mM Tris, 300 mM sucrose, and protease inhibitor cocktail (1:1,000 dilution; Sigma). The first centrifugation was performed at 1,500 g for 15 min at 4°C, and the pellet containing the nuclear fraction and cellular debris was discarded. The supernatant was spun at 8,000 g for 15 min. The pellet containing mitochondria was washed twice and spun twice at the same speed. The supernatant was spun for 1 h at 160,000 g. The pellet was used as the SR microsome fraction. Fractions were kept frozen at Ϫ80°C until they were tested.
Western blot analysis. Myocytes were homogenized with a Polytron in lysis buffer. Protein content was measured by the Bradford method (Bio-Rad) and adjusted for equal loading. Protein extracts (20 g) were separated by a 4 -12% Bis-Tris·HCl-buffered polyacrylamide gel (Invitrogen, Carlsbad, CA) and subjected to Western blotting. SERCA2a and cytochrome c antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The primary antibody for Western blotting of sorcin was a rabbit anti-sorcin polyclonal antibody (a kind gift from Dr. Hector Valdivia, Dept. of Physiology, University of Wisconsin Medical School, Madison, WI). Antibodies against caspase-9, caspase-3, cleaved caspase-3, poly(ADP-ribose) polymerase (PARP), and cleaved PARP were obtained from Cell Signaling Technology (Danvers, MA). The secondary antibody was a horseradish peroxidase-conjugated anti-rabbit. The blots were also probed by a mouse monoclonal porin (voltage-dependent anion chan- ] m increased immediately after electrical stimulation of the cell at 0.3 Hz, and beat-to-beat oscillations were observed (Fig. 1A) . After stimulation was stopped, [Ca 2ϩ ] m slowly returned to resting levels (Fig. 1A) . Interestingly, increasing the rate of pacing further increased [Ca 2ϩ ] m , which is in accordance with previous reports (data not shown) (4, 26) .
Effect of sorcin overexpression on [Ca 2ϩ ] m . Adv-sorcin transfer in neonatal cardiac myocytes resulted in a dramatic increase in sorcin protein in mitochondrial, as well as SR, fractions (Fig. 1B) . This increase in mitochondrial sorcin was not due to contamination from the SR fraction, since SERCA2a was minimal in the mitochondrial fraction (Fig.  1B) . [Ca 2ϩ ] m was higher in cardiac myocytes infected with Adv-sorcin than in cells infected with Adv-control (Fig. 2, A  and B) . Sorcin increased diastolic (60%) and systolic (80%) [Ca 2ϩ ] m (Fig. 2B) . The magnitude of the mitochondrial Ca 2ϩ transient was increased approximately twofold by sorcin (Fig. 2C) .
Effect of sorcin on mitochondrial Ca 2ϩ fluxes. Sorcin overexpression stimulated mitochondrial Ca 2ϩ uptake by 150% (Fig. 2D) . Sorcin also stimulated Ca 2ϩ release by 250% (Fig.  2D) ] m increase. Figure 3A shows a typical recording of cytosolic Ca 2ϩ assessed with indo 1. Recordings of caffeine-induced Ca 2ϩ release from SR in a control cell and a sorcin-infected cell are shown. Ca 2ϩ release by the sorcin-infected cell was increased. Figure 3B shows the effect of 10 mM caffeine on [Ca 2ϩ ] m in a cell infected with Adv-control and a cell infected with Adv-sorcin. Caffeine induced a slow rise in pericam signal in the control cell; however, the Adv-sorcin-infected cell presented an accelerated mitochondrial Ca 2ϩ uptake with a higher maximum peak than the control cell (Fig. 3B) .
Effect of sorcin on [Ca 2ϩ ] m of permeabilized cardiac myocytes. To determine whether sorcin has a direct effect on the mitochondria, we permeabilized myocytes with 25 M digitonin for 30 min and subsequently challenged mitochondria as shown at the end of the curves. Figure 3C shows a typical recording of the experiment. Ca 2ϩ uptake was more rapid in sorcin-overexpressing than control cells (Fig. 3C, inset) . The maximum Ca 2ϩ uptake was higher in the cells that overexpressed sorcin (Fig. 3C) .
Sorcin reduces cytochrome c release and caspase activation. Sorcin overexpression in cardiac cells increased mitochondrial protein levels of cytochrome c and decreased cytosolic cytochrome c levels (Fig. 4) . Cytochrome c can be detected in the cytosolic fraction of control cells, because the normal culture medium contains 20 mM glucose, which has been demonstrated to induce apoptosis (5, 16) . To investigate if sorcin could reduce cytochrome c release during apoptosis-induced stimulus, we incubated cardiac myocytes with 3 mM 2-deoxyglucose (DOG) for 24 h (27). Figure 5 shows that DOG reduced mitochondrial and increased cytosolic cytochrome c protein levels, which is in agreement with results reported by others (27) . Sorcin effectively reduced cytochrome c release (Fig. 5) . Hyperglycemia is known to induce cytochrome c and trigger apoptosis in cardiac myocytes (5, 16 ). Thus we sought to investigate the effects of sorcin on glucose-induced apoptosis. Figure 6 shows cytosolic cytochrome c levels assessed by Western blotting. High glucose (25 mM) dramatically increased (by 7-fold) cytochrome c. Sorcin expression significantly decreased cytochrome c levels, despite high glucose. Caspase-9, caspase-3, and PARP are activated by high glucose, as demonstrated in Fig. 7A by Western blotting. Densitometric analysis (Fig. 7B) showed that high glucose reduced protein levels of caspase-9, caspase-3, and PARP. In contrast, cleaved caspase-3 and cleaved PARP were increased by high glucose. Sorcin expression in myocytes exposed to high glucose reduced caspase activation, as demonstrated by increased caspase-9, caspase-3, and PARP protein levels. In addition, cleaved caspase-3 and cleaved PARP protein levels were reduced in cells expressing sorcin, despite high glucose.
Reducing sorcin protein levels using AS-sorcin RNA induces caspase activation. AS-sorcin reduced sorcin protein levels by 32% (Fig. 8) . In addition, caspase-3 was decreased and cleaved caspase-3 was increased, indicating activation of the caspase pathway (Fig. 8) . drial Ca 2ϩ handling in neonatal cardiac myocytes. We found an increase in [Ca 2ϩ ] m after adenoviral transfer of sorcin that can be due to activation of mitochondrial Ca 2ϩ uptake by sorcin. In addition, mitochondria from cells overexpressing sorcin showed an increased tolerance to Ca 2ϩ and decreased DOG-induced cytochrome c release, as well as inhibition of hyperglycemia-induced apoptotic signaling.
Recent work by us and others has established a role for sorcin in modulating cytosolic Ca 2ϩ handling by affecting RyR 2 , NCX, SERCA2a, and L-type Ca 2ϩ channel (1, 7, 21, 33, 35) . However, despite data showing that sorcin is expressed also in mitochondria, studies on the effect of sorcin on mitochondria were not available. Accordingly, we sought to investigate the effects of sorcin on mitochondrial Ca 2ϩ handling and whether these effects could explain the antiapoptotic effect of sorcin.
Our findings show that mitochondria are an important sorcin target, since we found a dramatic expression of sorcin in the mitochondrial fraction after Adv-sorcin infection (Fig. 1B) .
Using mitochondrial pericam, we were able to measure [Ca 2ϩ ] m in the intact cardiac myocyte. Furthermore, we found beat-to-beat oscillations in the neonatal cardiac myocyte, which have been observed by others (32) . Mitochondrial transients are characterized by a slow Ca 2ϩ uptake followed by slower Ca 2ϩ release (Figs. 1A and 2A ). This pattern is in accordance with that predicted by simulations by Cromptom (6) and was also observed by Robert et al. (32) .
Overexpression low (10, 11, 15, 25) (36) . Recently, an antiapoptotic role of sorcin has been suggested (17) . Our results demonstrate that mitochondria from sorcinoverexpressing cells tolerate more Ca 2ϩ before opening of the mitochondrial transition pore. In addition, DOG-induced cytochrome c release was prevented by sorcin. We also tested the effect of sorcin on glucose-induced apoptosis. Our results demonstrate that sorcin inhibited glucose-induced cytochrome c release and caspase activation. These results support an antiapoptotic role of sorcin in cardiac myocytes. Further support was obtained in experiments using AS-sorcin to decrease sorcin protein levels. Decrease of sorcin levels in cells exposed to hyperglycemia triggered caspase-3 activation.
In conclusion, sorcin modulates mitochondrial Ca 2ϩ handling in neonatal cardiac myocytes. Since [Ca 2ϩ ] m likely influences the efficiency of mitochondrial metabolism, sorcin may help provide a link between contractile activity and cardiac energy metabolism. Furthermore, sorcin may have an antiapoptotic role in the cardiac myocyte.
